We have implemented a BOTDA that combines channel estimation and complementary coding technique for high performance distributed sensing. The use of OFDMmodulated probe reduces the measurement time sharply compared to the classical frequency sweeping technique. Meanwhile, the complementary coding provides a higher SNR of the sensing system, which further reduces the measurement time by mitigating averaging. The method of combining the channel estimation technique and complementary coding is theoretically analyzed. It has been demonstrated that the pulse coding scheme can benefit both the Brillouin gain spectrum (BGS) and Brillouin phase spectrum (BPS). Experiments are carried out using 512-bit codewords on a 10-km single-mode fiber with a spatial resolution of 25 m. The complex BGS distribution is measured within 2 ms, with a BFS uncertainty of 1.1 and 0.6 MHz for BGS and BPS, respectively.
Introduction
In recent years, distributed optical fiber sensors based on stimulated Brillouin scattering have become one of the most active fields of research in optical fiber sensing [1] , [2] . Due to the linear dependence of the spectral central frequency of the Brillouin gain/ loss spectrum (BGS/ BLS) on the fiber temperature and strain, a wide variety of applications including structure health monitoring, geo-technical engineering and temperature sensing along pipelines have been extensively studied [3] - [6] . In the Brillouin optical time domain analysis (BOTDA) system, a pulsed pump beam and a counterpropagating continuous wave (CW) probe beam interact through the assistance of an acoustic wave. When the pump-probe frequency offset falls within the Brillouin gain/ loss spectrum, the probe wave is amplified/ depleted by the pump pulse during the interaction process.
One of the main limitations of the sensor performance is the relative long response time, which limits the application in dynamic scenarios, such as vibration measurements in civil or aeronautic structures. Generally, there are two major factors controlling the sensing speed of a BOTDA system: the scanning process of probe or pump frequency; and the number of averages. The former factor imposes an ultimate bound on the speed by which a frequency scanning BOTDA acquires a single BGS/ BLS. To identify the Brillouin frequency shift (BFS), in conventional BOTDA, the frequency of probe or pump wave needs to be scanned around the BFS covering more than 100 MHz by a step of at least 2 MHz. which severely constrains the speed of distributed BFS demodulation. To improve the dynamic performance, several novel BOTDA techniques have been proposed, including slopeassisted BOTDA [7] - [9] , fast-BOTDA [10] , and sweep free BOTDA (SF-BOTDA) [11] , [12] . Lately, we have put forward a scanning free BOTDA using channel estimation with direct-detection optical orthogonal frequency division multiplexing (DD-OOFDM) technique [13] . However, for all of these schemes, far beyond hundred times of averaging is indispensable to enhance the measurement accuracy, due to the poor signal-to-noise ratio (SNR) of the probe signal. In order to overcome such a limitation, methods such as distributed Raman amplification, coherent detection and optical pulse coding have been proposed [14] - [19] . Whereas, Raman amplification and coherent detection schemes add up the system complexity and cost. In particular, optical pulse coding increases the SNR of BOTDA measurements by launching several pulse sequences into fiber, followed by a data processing procedure to retrieve the single-pulse response [18] , [19] . Among those coding methods, bipolar complementary-correlation Golay codes offer even better SNR enhancement than any known coding schemes used in Brillouin sensing [20] . For this reason, it would be of great interest to implement advanced coding approach for sweep free BOTDA in order to overcome the constraint imposed by low SNR and further reduce the averaging time.
In this paper, we report a fast BOTDA system based on direct detection OFDM channel estimation with SNR enhancement using optical pump pulse coding. The method of combining the channel estimation and complementary coding is theoretically analyzed. The complex Brillouin gain response of the probe signal after transmitting through the fiber is directly mapped via channel estimation algorithm. It has been demonstrated that pulse coding technique can benefit the retrieval of both BGS and Brillouin phase spectrum (BPS). Meanwhile, BPS is considered as a promising candidate for BFS location [21] , [22] , due to its quasi linearity in the vicinity of BFS, which shows greater sensitivity to intensity variation near the Brillouin gain peak. A proof-of-concept experiment has been conducted on a 10 km single mode fiber. Compared with the previous work, the measurement time is further reduced by mitigating the averaging time. The complex BGS distribution can be reconstructed within 2 ms with a spatial resolution of 25 m at the far end of 10 km fiber. Results show that this approach can achieve a BFS uncertainty of 1.1 MHz for BGS and 0.6 MHz for BPS at the end of fiber under test (FUT), respectively.
Principle
In BOTDA sensors, the BGS is reconstructed along the fiber by sweeping the frequency offset ( v) between the two counterpropagating optical signals around the BFS. When the initial probe amplitude and Brillouin amplification are both weak enough so that the amplified probe does not deplete the pump pulse, the evolution of the amplitude A p r obe (z) of a CW probe wave propagating in the −z direction along the fiber of length L can be expressed as:
where v g is the group velocity, z is the spatial resolution corresponding to the pump pulse duration, I P is the pump power intensity, α is the logarithmic optical loss in the fiber, g B and φ B are BGS and BPS respectively given by the following equations:
where g is the peak gain, v B is the Brillouin linewidth, v is the detuning of interaction frequency from the center of the Brillouin spectrum. Thus, the intensity variations of the probe signal I p r obe measured at the near end of fiber (z = 0) as a function of time t and v is represented by
From Eq. (4), it is clear that the probe power gain mainly depends on the spatial resolution and the pump intensity. In traditional BOTDA, this feature leads to measurements with low SNR, limiting the performance in both sensing range and dynamic response, which is also the case in other modified techniques, including our proposed channel estimation method. Thus, pulse coding techniques have been demonstrated in BOTDA systems to overcome the limitation, given the linearization of Eq. (4) as [23] 
It is evident that Eq. (5) preserves the linear dependence of I p r obe on the pump even when using long code words, allowing using the conventional linear decoding method without any preprocessing of the raw data, i.e., the decoding process is straightforwardly conducted in time domain. However, in our proposed channel estimation approach, the time domain probe is a multi-frequency OFDM signal, the power variation of which shows nonlinear dependence on pump power. In this case, the time domain decoding method cannot be applied to our proposed scheme. In fact, as a frequency domain analysis, the channel estimation algorithm can easily and directly obtain the transfer function of each frequency within the BGS bandwidth, which has been demonstrated in our previous work. The complex Brillouin response can be deduced through channel estimation as:
from which the following relationships can be drawn.
From Eq. (7) and Eq. (8), it can be seen that both the Brillouin gain and phase response recovered by channel estimation algorithm are linearly dependent on the pump intensity, which grants the feasibility of introducing pulse coding into our proposed scheme. Moreover, apart from the Brillouin gain response that is generally considered for pulse coding in conventional BOTDA systems, the Brillouin phase response can also be enhanced by pulse coding, thus preserving the capability in complex Brillouin spectrum recovery of our channel estimation approach.
The benefits of optical pulse coding have been demonstrated and widely applied to distributed fiber sensing over years. As a kind of linear codes, Simplex coding has been widely used in optical fiber sensing applications, showing an optimal efficiency for a given code length [24] . However, its rather time-consuming measurement process makes us turn to the complementary correlation Golay codes. In particular, complementary correlation Golay codes are pairs of bipolar sequences whose non-periodic autocorrelation functions have null sidelobes [20] . In principle, the implementation of Golay coding requires two code sequences (A k and B k ) with complementary autocorrelation sidelobes that can be mutually cancelled out when summed up. The real implementation of Golay codes using intensity pulses can be enabled by modifying the pairs of bipolar sequences into groups of four unipolar sequences (A k1 , A k2 , B k1 and B k2 ) as described in [20] . When pulse sequences injected into the fiber and convolved with the fiber impulse response h (corresponds to the measured Brillouin gain response G SB S or Brillouin phase response ϕ SB S at a given frequency under an infinitely narrow single pulse), different responses can be obtained in discrete form:
Then, each of these responses is correlated with the corresponding original sequence (i.e., A k1 , A k2 , B k1 and B k2 , respectively) launched into the fiber. Finally, the results are summed up to retrieve the fiber impulse response h, but with enhanced SNR, as illustrated mathematically by Eq. (10) .
L denotes the length of codewords, ⊗ and * represent convolution and correlation, respectively. The logarithmic operator ln(·) is used to retrieve the cumulated linear Brillouin gain, as suggested in [25] . According to Eq. (10), the recovered response shares a coding gain of L /2 compared with a single pulse scheme [20] , which is comparable to the Simplex codewords with code length long enough (e.g., L ≥ 64). Whereas, the measurement time is greatly reduced since only four groups of code sequences are needed for Golay coding, compared to the Simplex coding scheme where L groups of code sequences should be measured for code length of L. In addition, for a given SNR gain of L /2, L /4 times of measurements are needed for averaging (the averaging gain is √ N for N averages), which means a L /16 folds of measurement time consumption compared with L-bit Golay coding. From this perspective, the dynamic response of our proposed scheme will be significantly improved, which will be demonstrated by the experimental results.
Experimental Setup and Results
The experimental setup of the BOTDA system using OFDM optical probe and complementary coding technique is illustrated in Fig. 1 . The continuous wave (CW) light from an external cavity laser (ECL) operating at wavelength of 1550 nm with about 13 dBm output power, is split into two branches through a 50: 50 optical fiber coupler. The linewidth of the laser is less than 100 kHz which is much narrower than the bandwidth of Brillouin gain spectrum (typically 30 MHz). At the upper branch, an electro-optic intensity modulator (EOM1) driven by a microwave source (MS) is used to generate dual-sideband optical probe. An arbitrary waveform generator (AWG) working at the sampling rate of 500 MSa/s generates the OFDM baseband signal, which is directly modulated onto the dual-sideband probe light by another intensity modulator (EOM2). Then the OFDM optical signal is injected into the sensing fiber through an optical isolator (ISO). The probe signal has an average power of about −13 dBm. In order to reduce the peak-to-average power ratio (PAPR) of OFDM signal, the subcarriers are mapped by a constant amplitude zero auto correlation (CAZAC) sequence [26] , which is made Hermitian symmetry before inverse fast Fourier transform (IFFT) to generate real-valued OFDM. The OFDM signal has a total number of 128 subcarriers but 63 effective subcarriers, with the first subcarrier abandoned to eliminate noise near DC component. Finally, the PAPR of OFDM time-domain signal is calculated to be less than 4 dB, indicating that the OFDM signal power is nearly uniformly distributed in both time domain and frequency domain. It should be noted that the spatial resolution in our scheme is determined by the duration of the OFDM symbol which is about 250 ns in this setup, since the complex Brillouin response is kept within the individual OFDM symbol, thus leading to a spatial resolution of about 25 m. The OFDM symbol duration is inversely proportional to the frequency spacing of adjacent subcarriers which also affects the BFS uncertainty. As a compromise, we set the frequency spacing to be about 4 MHz (corresponding to 250 ns duration of OFDM symbol) without significantly degrading the BFS uncertainty.
At the lower branch, a semiconductor optical amplifier (SOA) is controlled by another channel of the AWG to generate high extinction ratio (about 58 dB) complementary coded RZ (with a duty circle of about 40%) pump pulse, which has a pulse duration of 250 ns and coding length of 512. An inverse electrical pulse signal from the same channel is used as the trigger of the real-time oscilloscope. Since the optical pulse sequence will be greatly distorted if passing through an EDFA due to its transient effect [23] , the pump light is firstly amplified by an EDFA before chopped by the SOA. Then the optical pulses with a peak power of about 13 dBm are launched into the sensing fiber through an optical fiber circulator, in front of which a polarization switch is placed to alleviate polarization dependent fluctuations of Brillouin gain. At the receiver, the Stokes component of the probe signal is selected by a narrow band filter, and then detected by a 500 MHz Avalanche photodiode, connected to the oscilloscope controlled by a computer.
To verify the performance of our proposed scheme, a spool of 10 km standard single mode fiber (SSMF) is implemented as the fiber under test (FUT). The transmitted OFDM probe consists of four identical frames, corresponding to the four unipolar code sequences respectively. After interacting with pulse sequences through SBS effect, the probe signal is firstly synchronized by using training symbols at the head of OFDM frame to locate sensing symbols, as is a common algorithm in OFDM communication [27] , [28] . Then, each of the sensing symbols is transformed into frequency domain by employing FFT operation. Channel estimation is conducted by comparing the received symbols with the transmitted predefined CAZAC mapped symbols, to extract the complex Brillouin gain response deriving from the interaction between coding sequences and the probe signal. Finally, the single pulse response at each frequency is retrieved by decoding algorithm as described in Eq. (10) . After processing on all the frequencies, the complex Brillouin gain spectrum can be obtained. To investigate whether the pulse coding technique is appropriately implemented, we firstly check the optical pulse sequence power profile. As shown in Fig. 2 , the normalized power distribution of the 512-bit Golay coded optical pulse sequence presents great uniformity when the probe is off. While, turning on the probe merely imposes a slight attenuation of the pump power without obvious high-order non-local depletion effect [25] . The maintenance of the pulse sequence power uniformity is of significance for a valid pulse coding implementation, especially for the complementary coding whose decoding process relies on the autocorrelation properties of coded sequences, thus being more vulnerable to distortions of the code power profile. The results shown in Fig. 2 validate a well-configured scheme and indicates acceptable experimental outcome in the following.
Then the four optical pulse sequences of 512-bit Golay code are successively injected into the fiber to provide enough accumulated pump power. After signal processing of synchronization and channel estimation, then the four complex BGS responses of the set of a Golay complementary code sequences are decoded and the single pulse complex BGS distribution is obtained. The decoded single pulse response is depicted in Fig. 3 . As shown in Fig. 3(a) , the measured BGS is successfully recovered and represented as blue dotted curve, which fits well to the Lorentzian curve as indicated by the red solid line. The BGS has a full width at half maximum (FWHM) estimated to be about 30 MHz (subcarrier spacing 4 MHz). Since the phase response is readily obtained by the channel estimation algorithm, the BPS is also recovered as shown in Fig. 3(b) . The original measured BPS is illustrated as the blue dotted curve, while the BPS after fitting is shown as the red solid line, with the linear part of the BPS estimated to be about 30 MHz which equals to the linewidth of BGS. And the goodness of fit of the linear part is calculated to be 0.998 using least mean square (LMS) curve fitting. We also present the BGS and BPS measured using single pulse pump (averaged four times with the same measurement time), as depicted in Fig. 3(c) and Fig. 3(d) . It is evident that pulse coding significantly increased the SNR of Brillouin response both for BGS and BPS.
Thus, the BGS and BPS distribution along the FUT can be well reconstructed as shown in Fig. 4 (a) and Fig. 4(b) respectively, which further demonstrate the feasibility of our proposed scheme. The fluctuation on the BPS spectrogram mainly within the range far from the central linear part is derived from the relatively low SNR in the frequency range that detunes from the BFS. However, the central linear range shows good conformity on the BPS spectrogram due to its high SNR. The SNR distribution of the decoded BGS along the FUT is calculated by using the maximum Brillouin gain of the subcarrier near BFS, as represented by the inset in Fig. 4(a) . The relatively poor SNR is mainly due to the low peak power of the pump pulse and the fluctuation may partially attribute to the imperfect orthogonal polarization states switching. The average SNR improvement is estimated to be about 10.3 dB, which is in agreement with the theoretical gain (10.5 dB). The BFS distributions attained by quadratic fitting of the BGS measured using pulse coding and single pulse schemes are displayed in Fig. 4(c) . It shows that pulse coding technique largely improves the measurement accuracy in contrast to the fluctuated BFS distribution obtained from single pulse. Besides, from Fig. 3(a) and Fig. 3(b) , we can see that BPS shows a better performance within the Brillouin spectrum linewidth. In addition, by linear fitting of the BPS within the linewidth, the BFS distribution can be extracted with higher accuracy compared to nonlinear fitting of the BGS [21] . The BFS uncertainty is calculated using 20 consecutive measurements to reveal the improvements provided by BPS measurement. For a fair comparison, the BFS is estimated via curve fitting using subcarriers within the linewidth for both of the BGS and BPS. As depicted in Fig. 4(d) , although both of the measurement BFS uncertainties coming from the BGS and BPS deteriorate along the fiber length, the one based on BPS shows a better performance with an average uncertainty of 0.6 MHz at the fiber end.
To further verify the performance of our proposed scheme, the fiber end of the FUT is heated in a water bath hotpot from room temperature to 75°C with a step of 10°C. The measured BFS of the fiber end as a function of temperature variation is depicted in Fig. 5(a) . The measured data shows an explicit linearity with a temperature coefficient calculated to be about 1.02°C/MHz. The spatial resolution is estimated by evaluating the fiber length associated with the BFS change from 10% to 90% of the heated area. As is shown in Fig. 5(b) , the BFS transition section is about 25 m, which matches well with the symbol duration of the probe signal. It has been demonstrated that our proposed scheme also maintains the spatial resolution of single pulse scheme.
Discussion
In order to avoid the transient effect of the EDFA, the generated optical pulse power without amplification in the experiment is relatively lower than that of an optimized single pulse used in the traditional scheme (the peak power can be over 100 mW when the fiber length is several tens of kilometers). Although efforts have been made in some works to alleviate this effect, the distortion of the coded pulses cannot be thoroughly eliminated [25] , [29] , [30] . Particularly, the autocorrelation operation in Golay codes decoding process makes it more sensitive to the power non-uniformity of the coded optical pulses. Nevertheless, if the peak power of the coded optical pulses is boosted to a reasonably high level, the system performance will indeed be significantly improved.
In the experiments, 512-bit Golay codeword is utilized with a period of about 200 μs for each unipolar code sequence. Thus, the total measurement time is about 2 ms, taking consideration of four unipolar code sequence and two measurements for orthogonal polarizations of pump pulses. In this case, our proposed scheme stands out for its advantage of time saving, especially in long range sensing where averaging takes much more time. In addition, the combination of channel estimation technique with pulse coding enhances the SNR of both BGS and BPS, which offers another dimensionality for high-accuracy BFS measurement superior to traditional pulse coding schemes. Moreover, compared with coherent detection regimes, the direct detection scheme is characterized by simplicity and robustness in long term operation, which is of greater benefits in practical applications.
In our scheme, the OFDM symbol has a length of about 250 ns, corresponding to a spatial resolution of 25 m. In a real application, the spatial resolution seems to be relatively broad and quite discrete compared to a conventional BOTDA. If a heated or changed part lies between two adjacent OFDM symbols, both of the two symbols will respond to the event. Consequently, one can observe a two-peak BGS and/or two-slope BPS if the fiber undergoes a significant heat or change. It will be difficult to locate the heated or changed part under such circumstances. Still, there are means to cope with the specific cases. In the experiments, the pump pulse sequence and the OFDM frames are synchronized by the trigger signal and the symbols covering the SBS region is determined by the time delay between the sequence and OFDM frames. It allows us to sense the heated or changed part within one symbol, by readily adjusting the time delay. In this way, the resolution ambiguity can be avoided. Nevertheless, we think the best solution is to improve the spatial resolution.
Conclusion
We have proposed a BOTDA scheme combining the channel estimation algorithm with complementary coding without frequency scanning and averaging. A proof-of-concept experiment has been implemented on a 10-km single mode fiber with 25 m spatial resolution. The complex BGS distribution is measured within 2 ms, with a BFS measurement uncertainty of 1.1 MHz and 0.6 MHz for BGS and BPS respectively. It demonstrates that our proposed scheme can achieve fast measurement speed and high measurement accuracy simultaneously. In addition, the intensity modulation and direct detection regime stands out for its simplicity, low cost, and strong robustness in long term working, making our scheme a competitive candidate for fast sensing application scenarios.
